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ABSTRACT
Between October 1971 and April 1972, a geophysical in­
vestigation was conducted in the northern part of the San 
Luis Valley in south-central Colorado. The study area covered 
approximately 60 square miles surrounding Mineral Hot Springs 
in Saguache county between lat 38°07'30" and 38°15' north 
and between long 105°48'15" and 105°57'30" west. To determine 
the origin of the hot springs in the area, whether they ba an 
effluent of a geothermal reservoir heated by an igneous in­
trusive or simply representative of the normal geothermal 
gradient along major faults, was the purpose of this study.
Initial investigative methods consisted of temperature 
projections based on elemental analyses of. thermal waters 
from Poncha Springs, Colorado to Alamosa, Colorado, a study 
of pre-dawn thermal infrared imagery over the area, and a 
review of the Bouguer gravity. To evaluate the prospect, 
electrical resistivity variations over the area were studied 
both vertically and laterally with a detailed dipole-mapping 
survey, equatorial dipole soundings, Schlumberger d-c sound­
ings, and time-domain, electromagnetic soundings.
I l l
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Temperatures indicated by the SiOg content of thermal 
waters were generally low, the highest being 14 0° C. Im­
plied temperatures from the Na/K ratios were either compar­
able to the silica temperatures or much higher suggesting 
dilution by meteoric waters. The thermal infra-red imagery 
clearly outlined the two known hot springs areas but did 
not suggest any additional areas of thermal convection.
A review of the Bouguer gravity showed a large gravity 
low extending from just southeast of Mineral Hot Springs to 
Villa Grove. The electrical measurements were then arranged 
to evaluate this feature.
Contoured resistivity and conductance values from the 
dipole mapping survey outline a small relatively conductive 
area southeast of Mineral Hot Springs and a large moderately 
conductive feature extending beyond Villa Grove. The equa­
torial dipole soundings showed the area to be severly faulted 
and suggested that the large conductance anomaly is due to 
a deepening in the basement. From the Schlumberger soundings, 
it was found that the resistivity of the deep valley-fill 
varied from 10 ohm-m at Villa Grove to 21 ohm-m south of 
Mineral Hot Springs. The electromagnetic soundings gave a 
maximum depth of ±760 m for depth to basement near the center 
of the gravity low.
As a result of this study it is concluded that formation 
temperatures approaching 200° C may exist along the length .
i v
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of the graben-type feature expressed in the gravity data if 
the effective salt-concentration (salt plus clay-effect) 
of the water at depth does not exceed 800 parts per-million 
(PPM). Additional electrical investigations and possibly 
shallow drilling should be conducted in the area around 
Villa Grove in order to arrive at a more conclusive evalua­
tion.
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INTRODUCTION
The ever-increasing demand for electric power in the 
United States is currently an issue of primary concern.
Power companies confronted with meeting future demands must 
find additional sources of power that are economical and 
environmentally acceptable. Recently, the use of geothermal 
energy has attracted considerable attention as a source of 
electric power.
The first use of geothermal steam to generate elec­
tricity was at Larderello, Italy in 1904. Since that time 
this facility has developed into eight stations generating 
more than 300,000 kilowatts and commercial production of 
electricity from geothermal energy has become a reality for 
six other countries including the United States. In the 
United States, legislation governing the exploitation of 
geothermal resources has been provided by the "Geothermal 
Steam Act of 1970" (Public Law 91-581, December 24, 1970).
Although an immense amount of heat is stored in the 
earth's crust, economical concentrations of extractable 
heat known as "geothermal reservoirs" occur only within
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certain geologic environments. McNitt (1970) classifies 
these environments as areas associated with Quaternary vol­
canic centers of Cenozoic tectonism and areas in foreland 
and platform regions. Godwin (1971), in his classification, 
also includes the deep parts of many sedimentary basins.
For a reservoir to be economical by today's standards it 
must, a) exhibit temperatures in excess of 2 00° C, b) be 
within 10,000 feet of the surface, and c) have sufficient 
permeability to maintain high rates of flow. The heat con­
tained in these reservoirs, which is extractable only in 
the form of hot water and steam, is thought to be derived 
from a magmatic source deeper in the crust.
As defined by the U.S. Geological Survey (Godwin, 1971),
Colorado does not have any "known geothermal resources
areas". However, there are many areas in the state that
warrant further investigation and have been classified as
areas "valuable prospectively". One of these areas is the
San Luis Valley in south-central Colorado, the major north- /
ward extension of the Rio Grande Rift Zone. Of particular 
interest is the area around Mineral Hot Springs in Saguache 
county (Fig. 1). Mineral Hot Springs on the west and Valley 
View Hot Springs six miles further east straddle a graben- 
type feature first outlined on the gravity map of the area 
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Figure 1. Map of the San ‘Luis Valley showing location of the 
study area.
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study made, this area was selected for a detailed geophysical 
investigation. The primary purpose of the study, conducted 
between October 1971 and April 1972, was to ascertain the 
geothermal nature of the area.
According to White (1970) the Si02 content and the Na/K 
ratios for thermal springs and hot wells are the two most 
reliable geothermometers for indicating reservoir tempera­
tures, provided there is negligible dilution by meteoric 
waters. These values, available from the literature for 
thermal waters from Poncha Springs, Colorado to Alamosa, 
Colorado, were plotted against curves published by Ellis 
(1970) and Holland (1967) and the indicated temperatures re­
corded.
Pre-dawn, thermal-infrared imagery acquired over the 
study area by NASA was studied for possible additional areas 
(besides the hot springs) of thermal convection to the sur­
face .
Because geothermal reservoirs contain an excess of heat 
and dissolved salts relative to their surroundings, they 
exhibit electrical resistivities many times lower than that 
of their host rock. In the past, electrical resistivity 
methods have proven very successful in delineating and eval­
uating geothermal reservoirs (Keller, 197 0; Banwell, 197 0; 
McEuen, 1970). For measuring d-c resistivity in the 60
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square miles selected for the study area, the dipole mapping 
technique (Furgerson, 1970; Keller, et al, 1974) was chosen 
as the primary survey method. The dipole survey was intended 
primarily to delineate any existing geothermal reservoir 
since the method is best suited for detecting lateral changes 
in resistivity. To establish variations in resistivity with 
depth as well as depth to basement, Schlumberger, d-c sound­
ings, time-domain electromagnetic soundings, and equatorial 
dipole soundings were conducted.
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GEOLOGY OF THE AREA
Although a great deal of geologic information is avail­
able for the mountainous regions bordering the study area, 
very little is known about the geologic nature of the valley 
as it exists beneath the Tertiary and Quaternary valley-fill. 
The only mappable features on the valley floor are a series 
of alluvial fans representing four periods of Quaternary time 
(Knepper and Mars, 1971) and a system of active faults stretch­
ing from Valley View Hot Springs to Villa Grove, (Knepper 
and Mars, 1971, and Scott, 197 0).
Stratigraphy
In general, rocks of all eras of geologic time except 
the Mesozoic can be found in the vicinity of the study area. 
Precambrian outcrops consist of schists, gneisses, quartzites, 
and granites along the base of the Sangre de Cristo Range 
(Gabelman, 1952) and granites with imbedded xenoliths of 
schist and gneiss on the west side of the valley (Bridwell, 
1968) .
The Paleozoic section includes 680 to 1160 feet of 
pre-Pennsylvanian sandstone, quartzite, dolomite, and
6
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limestone (Knepper and Mars, 1971) and 16,000 to 19,000 feet 
of Pennsylvanian and Permian sandstone, shale, siltstone, 
and conglomerate (DeVoto, Peel, and Pierce, 1971).
Directly overlying the Paleozoic (or possibly Precam­
brian) section along the valley bottom is the Tertiary Santa 
Fe formation which covers the entire San Luis Valley. In 
general, this formation consists of conglomerate, sand, gravel, 
clay, lava, and volcanic debris (Powell, 1958). The thickness 
of this formation is not known and the nature of its contact 
with the basement rocks can only be conjectured. Overlying 
the Santa Fe formation is the Quaternary Alamosa formation 
consisting of unconsolidated gravel, sand, silt, and clay 
(Powell, 1958). The base of the Alamosa formation is gen­
erally taken to be the top of the most recent lava flows. 
However, in the northern part of the San Luis Valley this 
contact has never been found. Therefore, in this paper the 
two formations will be considered as one unit.
Structural Setting
The San Luis Valley is a downfaulted structural basin . 
representing the major northward extension of the Rio Grande 
Rift Zone which extends about 600 miles from El Paso, Texas 
to Leadville, Colorado (Chapin, 1971). The rift zone con­
sists of a complex series of horsts and grabens bounded by
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normal faults. The study area is centered over a graben- 
type structure first seen in a gravity survey of the area 
(Gaca, 1965). In his interpretation, Gaca estimated a mini­
mum depth to basement of about 16,000 feet in the center of 
the graben. The Sangre de Cristo Fault, a high-angle (60°) 
normal fault along the western flank of the Sangre de Cristo 
mountains, borders the graben on the east. Apparently asso­
ciated with this major fault is a series of recent faults 
extending from Valley View Hot Springs to Villa Grove. No 
faults have been mapped along the west side of the graben.
Paleozoic sedimentary rocks of the Sangre de Cristo 
range are characterized by baramide folds and thrusts and 
in general dip to the east (Knepper, 1974). The west side 
of the valley is covered by Tertiary volcanics of the 
Bonanza volcanic field. Where the volcanics have been 
eroded off, the Paleozoic rocks are also found to be folded.
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METHODS OF INVESTIGATION
Reconnaissance Techniques
Geochemical Analyses of Thermal Waters
Since reservoir temperatures are crucial in the evalu­
ation of geothermal systems, the chemical constituents of 
thermal waters relative to temperature have been studied 
extensively. Of all the chemical indicators of subsurface 
temperature, the silica content and sodium:potassium ratio 
are the most reliable (White, 1970). However, in order to 
interpret observed values certain basic assumptions must 
first be understood. These assumptions include:
1) Temperature-dependent reactions with an adequate 
supply of constituents in the local reservoir 
rocks,
2) Water-rock equilibration with specific mineral 
assemblages at high reservoir temperatures,
3) Rapid flow of water from reservoir to surface 
springs,
4) Negligible reaction in transit at lower tem­
peratures so that reservoir composition is 
retained, and
5) Absence of dilution or mixing with other waters 
at intermediate levels (White, 1970).
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Silica Analysis
Because silica appears in solution as molecules (Si(OH)^) 
its solubility is relatively independent of other ions and 
pH and is primarily a function of temperature (Tonani, 1970).
As temperature decreases silica will precipitate readily 
down to about 180° C; below this temperature silica precipi­
tates very slowly (White, 1970) . Analysis of thermal waters 
which have cooled from temperatures above this value will 
generally indicate temperatures no higher than 180-2 00° C 
unless the waters travel rapidly to the surface. All indicated 
temperatures are therefore minimum reservoir temperatures.
Using an equilibrium plot of solubility of quartz in 
water vs. temperature from Holland, 1967 (see Fig. 2) silica 
indicated reservoir temperatures were calculated for thermal 
waters from Poncha Springs, Colorado to Alamosa, Colorado 
(see Table 1). The highest indicated temperature is 140° C 
from the hot well (oil test) at Hooper, Colorado. The highest 
indicated temperature in the study area is 118° C at Mineral 
Hot Springs. The low temperatures indicated at Valley View 
Hot Springs are probably the result of dilution with meteoric 
waters.
Sodium:Potassium Ratio
Assuming sodium and potassium feldspars as the source 
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Figure 3. Na/K ratio vs. temperature.
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exists at any given temperature and pressure, the effect of 
pressure being negligible (Ellis, 1970). As thermal waters 
cool on their way to the surface the Na/K exchange reaction 
is slow to readjust, thereby retaining a record of higher 
temperatures. The Na:K ratio in non-acid waters above 200° C 
has been calibrated by Ellis (197 0) from field and experimental 
work. White (1970) has extended this curve for waters below 
200° C from a study of oil field waters (see Fig. 3).
The Na/K indicated temperatures (Table 1) are generally 
higher than the temperatures implied from the silica.content. 
This is to be expected because Na/K in solution is slower to 
adjust to temperature changes than is silica. Indicated 
Na/K temperatures at Poncha Hot Springs Mineral Hot Springs 
and Alamosa which are greater than twice the indicated silica 
temperatures are considered anomalous. No temperatures were 
calculated for Valley View Hot Springs because the Na:K 
ratios were unrealistically low possibly due to extreme 
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THERMAL INFRA-RED IMAGERY
Although thermal infra-red imagery is widely used as 
a tool for geothermal exploration, its usefulness in this 
field is limited. It can make thermal measurements of only 
the first few microns of surface material (Hodder, 1970), 
thereby being limited to detection of surface effects such 
as hot springs and areas of high heat flow.
On June 16, 1971, between the hours of 4:20 and 4:56 a.m 
MDT, a thermal infra-red survey was flown at approximately 
6,000 feet above ground by NASA over the northern San Luis 
Valley. The sensor operated in the 8-14 micron band with a 
+ 40° field of view. Reference temperatures used were 10.5 
and 12.5° C. Warm areas show up as white and the darker 
shades indicate cooler areas. Imagery for the Mineral Hot - 
Springs and Valley View Hot Springs areas is presented in 
Figs. 4 and 5.
The hot springs and their respective drainages (above 
upper reference temperatures) are easily identified as 
anomalously hot areas. However, bodies of standing water 
known to be at normal temperatures appear equally anomalous. 
Apparently water in pools and slow-moving streams retains
14
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Figure 4. Thermal infra-red imagery-Mineral Hot 
Springs.
Figure 5. Thermal infra-red imagery-Valley View 
Hot Springs.
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considerable heat through the night. Large rocks in allu­
vial fans and outcrops also retain heat and appear bright 
in the imagery. Water saturated areas with dense vegetation 
are seen as very dark areas having temperatures below the 
lower reference temperatures.
As a result of this survey it is obvious that at the 
time of year that the imagery was obtained the range of 
surface temperatures is too great. This makes it very diffi­
cult to select reference temperatures that will enhance 
anomalies of interest in geothermal exploration. It is sug­
gested that such surveys be made in the pre-dawn hours in 
the winter months to minimize the range of surface temper­
atures so that thermally anomalous areas are not masked by 
retained solar heat.
Gravity Study , ; ; • M r. :
In general, a review of gravity data for a geothermal 
target area can reveal the area's structural setting and 
locate anomalies of possible geothermal significance. A 
local gravity high within a sediment filled valley might 
be caused by a recent intrusive or an area of decreased 
porosity due to the filling of pore spaces with siliceous 
minerals by hydrothermal fluids. A gravity low will gen­
erally be due to a structural depression although a signi­
ficant density contrast can be realized by water temperatures
j; .'; V  U T “'T^-1'--, \i 7 \ ;
i - i - V v v i i
-  - 1- '
\
X
Figure 6 . Bouguer gravity map of the Mineral Hot Springs area 
Gaca,1965) ,
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of over 200° C in the sediments.
A Bouguer anomaly map of the San Luis Valley compiled 
by Gaca (1965) shows a major gravity low between Mineral Hot 
Springs and Valley View Hot Springs (see Fig. 6). Gaca in­
terpreted this anomaly to be a deep (16,000 feet) graben 
filled with high-porosity sediments. With this target in 
mind detailed electrical measurements were made to deter­




Description of the Method: The dipole mapping tech­
nique is a d-c resistivity method used primarily to determine 
lateral boundaries of conductive bodies at depth (see Keller, 
et al., 1974). However, considerable information regarding 
the geologic structure of an area can also be obtained, es­
pecially in areas where a resistive (non-porous) basement 
exists beneath a conductive overburden.
The method consists of a fixed d-c current source used 
to generate a strong electric field which is physically 
measured at selected stations around the source at distances 
normally ranging from one to seven km. For the conduct of 
this survey, #6 insulated, copper wire was used to connect 
two grounded steel-plate electrodes, spaced approximately
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3 km apart, to a 30 kw generator set. The 3-phase, 220V 
a-c, 60 hz output of the generator was stepped up with a 
variac and transformer arrangement to 1000 V, rectified to 
d-c current and fed into the line. An asymmetrically-timed 
switching circuit emplaced ahead of the rectification cir­
cuit alternately changed the polarity of the current in the 
line creating a square-wave output (see Furgerson, 1970).
The asymmetric form of the output enabled a determination 
of electric field polarity to be made at each field station.
The actual field measurements at each station consisted 
of measuring two orthogonal (as near to 90° as possible) com­
ponents of the induced earth potential with two non-polariz­
ing receiver electrodes spaced 60 m apart and connected to 
a sensitive d-c voltmeter with #18 insulated copper wire 
(see Appendix I for illustration). These two voltage com­
ponents were first divided by the receiver spacing (60 m) 
to obtain electric field components and then added vectori- 
ally to get the total electric field (Eij.) . Resulting cal­
culations of apparent resistivity and apparent conductance 
were then a function of E,p, the distance from the measuring 
point to each source electrode (R̂ , Rg), the angle (6) sub­
tended by R]_ and R2 , and the total-step current (I) (see 
Appendix I for complete derivation of data reduction equa­
tions) .
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The apparent resistivity (p ) computed using a homo­
geneous earth model with spherical current spreading from 
each source electrode is given by (Keller, et al.,1974):
 ̂_ 271% TPa- —  —
Rt . R1 + (^) 4 - 2 (5A) ̂  cosS
^ 2  ^2
The apparent conductance (Sa), computed for a conduc­
tive layer above a nonconducting basement (assuming cylin­
drical current spreading), where Sa is defined as the upper 
layer thickness divided by its resistivity is given by 
(Keller, et al., 1974):
s , = ___________________: ___________  L
2-ïïRi E,
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Interpretation of Field Data
Apparent Resistivity: Using an interpretation model
consisting of a non-porous resistive basement covered by 
conductive, water-saturated, alluvial sediments the apparent 
resistivity dipole pattern is a series of concentric, out­
wardly-increasing resistivity contours (Furgerson, Keller, 
1974). Any variation in this pattern must be explained by 
changes either in resistivity or in the depth to basement 
or both.
From the apparent resistivity map from dipole A-B 
(Fig. 7) the following conclusions can be drawn. The 200 
ohm-m contour on both the east and west side of the valley 
is indicative of an abrupt thinning of the alluvial fill 
over the basement. On the east, the outcropping of Pre- 
cambrian and Paleozoic rocks in the form of the Sangre de 
Cristo Range verifies this.
The closed contours to the south conform to the inter­
pretative model in that the current is feeling the effect 
of basement and the resistivity values are increasing.
Also, the data suggest that the depth to basement is less 
at the southern boundary of the study area.
The open resistivity contours to the north reveal a 
trend where the current has not yet seen basement, proba­
bly due to a thickening of the upper layer. The large
T-1478
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Figure 7. Apparent resistivity map of the Mineral Hot Springs area- 
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anomaly bounded by the 25 ohm-m contour in the center of the 
area reflects the deep part of the valley inferred from the 
gravity data. Because this area is oriented off the end 
of the current source, the current does not feel the effect 
of basement as near to the source as it does for the area 
off the center of the source.
A histogram showing the distribution of resistivity 
values is presented in Fig. 8 . This distribution is non- 
anomalous in that it is essentially a normal distribution 
except for the points between 16 and 22.6 ohm-m measured 
east of the source.
Figure 9 shows a scatter diagram of apparent resis­
tivity values plotted against the distance to the nearest 
source electrode (depth of current penetration). The wide 
range of resistivity values for the same distances from 
the source reveals the complexity of the area. If there 
were no changes in resistivity or thickness of the upper 
layer, these points would rise on a 45° angle with increas- ' 
ing distance from the source.
The apparent resistivity map from source A'-B' (Fig. 10) 
shows essentially the same pattern as the first source.' Low 
resistivity values are still seen near Villa Grove but the 
large anomaly previously seen between Mineral Hot Springs 
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smaller anomaly appears to the south. The disappearance of 
the large anomaly suggests that it was an effect possibly 
generated by the source being oriented perpendicular to a 
fault (Furgerson and Keller, 1974). The small anomaly seen 
to the south has good closure but does not exhibit resis­
tivity much lower than its surroundings. The effect is 
probably caused by a local deepening of the valley.
A histogram showing the distribution of resistivity 
values (Fig. 11) shows a normal distribution of resistivities 
centered at about 100 ohm-m. A scatter diagram with resis­
tivity values plotted against distance from the nearest 
source electrode (Fig. 12) shows resistivity rising along 
a 4 5° angle (as expected for a two-layer case, (p̂  <<P2 ) and 
then abruptly steepening, responding to the dipping contact 
of the Sangre de Cristo Fault on the east. The difference 
between the two scatter plots can be attributed to a smoothing 
of the effect of faulting in the basement on resistivity 
because of the different source orientation and to the smaller 
number of data points taken on the second source.
Apparent Conductance : The apparent conductance map
from source A-B (Fig. 13) shows much the same picture as 
the resistivity map: outcropping basement on the east and
west and a thick conductive layer of valley fill along the 
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Figure 13. Apparent conductance map of the Mineral Hot Springs are 
dipole A-B.
3 9 = station number108 apparent conductance(mhos)
miles
0 1
T - 1 4 7 8  31
Grove followed by a small anomaly southeast of the source.
By far the most interesting anomaly is at Villa Grove. How­
ever, these high values may be caused by an increase of con­
ductivity in the basement, an increase of conductivity in 
the upper layer, a thickening of the upper layer due to a 
fault, or a combination of all three effects.
An histogram showing the distribution of conductance 
values is given in Fig. 14. This would be a near-normal 
distribution- except for the number of data points between 
64 and 128 mhos. These points fall into what has been 
labeled Zone I on the scatter plot of conductance values 
(Fig. 15). The points in this zone are interpreted as being 
anomalous relative to the remaining data points. The points 
in what is called Zone II are taken to represent the average 
geoelectric section along the valley. Using a median value 
of 35 mhos and an average upper layer resistivity of 17 
ohm-m (taken from Schlumberger soundings), the average thick­
ness of the upper layer is about 600 m. The data points 
falling in Zone III represent points along basement out­
crops on both sides of the valley.
The conductance map for source A'-B' (Fig. 16) also 
shows a pattern very similar to that of the first source. 
However, the conductance values are lower by 40-50%. Probably 
the main reason for this is that source A'-B' is positioned 
over an area where basement is very near to the surface. In 
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Figure 15, Apparent conductance scatter diagram- 
dipole A-B.
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Figure 16. Apparent conductance map of the Mineral Hot Springs area- 
dipole A'-B'.
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the surface. This results in an effect which can be called 
"large scale biasing" since the current cannot spread equally 
to both sides of the dipole but is forced to flow mainly to 
the right where the section is more conductive. This results 
in a buildup of current along the valley bottom creating 
electric fields somewhat higher than expected. However, the 
overall pattern of conductance is not changed considerably 
by this effect.
An histogram showing the distributions of conductance 
values is presented in Fig. 17. The distribution is unusual 
in that 73 percent of the values fall between 32 and 64 mhos. 
A scatter plot of conductance values shows this same group­
ing (Fig. 18). This smoothing effect is apparently the 
result of "large scale biasing".
Electric Field Plots: Figures 19 and 20 show the theo­
retical electric field lines around dipoles A-B and A'-B'.
The vectors plotted on the maps represent the direction of 
the measured electric field at each field station. Initially 
it was hoped that this exercise would show conductive trends 
in the area which might be indicative of fault zones. This 
would be inferred from directional vectors that tended to 
deviate from the theoretical model in the same manner. Al­
though there is considerable deviation from the calculated 


































Figure IS. Theoretical and measured electric field direction- 
dioole A-B.
T-1478
Figure 20. Theoretical and measured electric field direction-
dioole A '-B'.
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this deviation is constant. One reason for this is that even 
though faulting may develop conductive zones in the basement 
due to increased porosity, the alluvial cover is relatively 
unaffected by faulting and tends to smooth effects developed 
in the basement.
Equatorial Dipole Soundings: An equatorial dipole sound­
ing is conducted using the same current source as in the di­
pole mapping survey. However, instead of measuring the elec­
tric field at points located in all directions around the 
source, field measurements are made only along a line per­
pendicular to the center of the current source. Soundings 
were made to a distance of approximately 10 km. to the north 
and south of source A-B and to the east of source A'-B'.
Both apparent resistivity and apparent conductance were 
plotted against distance from the source to form sounding 
curves (see Fig. 21 for location of sounding field stations).
Fig. 22 shows the apparent resistivity sounding to the 
south from source A-B. The resistivities rise along a 45° 
angle showing the effect of basement to a lateral distance 
of about 6 km from the source. At this distance the resis­
tivities dip suddenly, responding to a marked deepening of 
the section due to a fault in the basement.
The plot of conductanoe values to the south (Fig. 23) 
shows the same picture; a constant depth to basement to a 
lateral distance of 6 km and then rising conductance values
'vv.T-1478 V. r\
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Figure 21. Location of equatorial dipole sounding stations.





















Figure 23. Equatorial dipole sounding south(apparent 
conductance).
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where the current no longer feels the effect of basement.
From the plot of apparent resistivities to the east 
from source A'-B' (Fig. 24) it would appear that the depth 
to basement is between 3 and 4 km or the distance at which 
the current starts to feel the effect of basement and the 
resistivity values begin to rise. However, additional work 
(reported in the next two sections of this paper) has shown 
that the valley deepens to the east of source A'-B'. This 
accounts for the flatness in the first part of the curve.
The actual depth to basement at this point is about 1000 m. 
Beyond 5 km (east) the resistivities rise at near 45° implying 
a constant depth to basement. At about 8 km the resistivity 
values rise at a steeper angle reflecting the dipping contact 
of the Sangre de Cristo Fault.
The plot of corresponding conductance values to the 
east (Fig. 25) is interpreted in the same way: rising con­
ductance as the valley deepens, a flattening showing constant 
depth, and then dropping conductance as the upper layer thins.
The resistivity sounding to the north from source A-B 
(Fig. 26) gives the same general pattern as the sounding 
to the south, a fairly constant depth to basement followed 
by an abrupt deepening. However, the resistivities are 
lower indicating a more conductive section to the north.
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Figure 26. Equatorial dipole sounding north(apparent 
resistivity)
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almost exactly with a fault mapped on the surface, downthrown 
to the north (Knepper, 1974).
The conductance plot to the north (Fig. 27) is especi­
ally interesting since the conductance values rise to about 
200 mhos. An upper layer resistivity of 10 ohm-m (from 
Schlumberger sounding no. VI) and a conductance of 20 0 mhos 
gives a depth to basement of 2000 m. However, electromag­
netic soundings in the lowest part of the gravity anomaly 
show the maximum depth to basement to be about 17 60 m and 
the gravity above Villa Grove is at least 10 milligals higher 
Therefore, these high conductance values strongly suggest 
an increase of conductivity in this area as well as an in­
crease in depth to basement.
Schlumberger Direct-Current Soundings
In order to get a more detailed picture of how resis­
tivity varied with depth in the study area, six Schlumberger 
d-c soundings were made (see Fig. 28 for location). Because 
these soundings were of a conventional nature a description 
of field procedure and data reduction is not necessary 
(see Keller and Frischknecht, 1966). The soundings were 
first curve-matched using a set of theoretical two-layer 
resistivity and auxilliary curves to get initial values 
for individual-layer resistivities and thicknesses. Then, 
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Figure 28. Location of Schlumberger and electromagnetic sound
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TABLE 2







tive layer just above 





600 >915 >35 700 >860
Conductance of total 
section over base­
ment (mhos) 19
Total depth to 
basement (m) 570
41 >84 35 40 >88
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Figure 30 » Schlumberger sounding I plotted to snow typical 
range of scatter.
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which calculated a least square fit to the curves in the 
"kernel" domain, a more accurate interpretation of the sound­
ings was made.
In general, the soundings showed a resistive (80-200 
ohm-m) upper layer from 12-113 m thick, a moderately conduc­
tive (35-65 ohm-m) layer from 100-200 m thick, and a conduc­
tive (10-21 ohm-m) layer just above basement from 37 5->915 m 
thick (see Table 2).
Soundings II and VI were conducted to an effective depth 
(AB/2) of 800 m; soundings III, IV and V were conducted to 
an AB/2 of 975 m; and sounding V was made to a depth of 1550 
m. Using initial points from equatorial dipole soundings, 
soundings II and V were extended so that depth to basement 
could be interpreted.
The soundings clearly show a more conductive section 
associated with the gravity low east of Mineral Hot Springs 
and with the conductance anomaly at Villa Grove.
Time-Domain Electromagnetic Soundings
In order to obtain additional independent information 
about the variation of resistivity with depth, eleven elec­
tromagnetic soundings were conducted over the study area.
Fig. 28 shows the locations of these soundings.
In the time-domain electromagnetic sounding method, an 
electromagnetic field is generated using the same step- 
current source as in the dipole survey. Then, using a
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multi-turn loop of wire laid on the ground, the changing 
vertical component of the magnetic field is recorded in 
the form of an induced voltage in the coil.
At each field station a 1000-foot 26 conductor cable 
was laid on the ground in the form of a square and connected 
so that the individual conductors formed one, continuous, 
26-turn coil. The output from the coil was then filtered 
with a 60 hz notch-fiiter and recorded on a sensitive ana­
log chart recorder (see Jacobson, 1969 for detailed descrip­
tion) .
The field records were then processed to remove the 
system response and noise and to convert the recorded volt­
ages to apparent resistivities. This processing included 
digitizing and stacking to remove random noise deconvolu­
tion with system step-response, non-linear filtering to 
smooth the data further, and finally, converting voltage 
to apparent resistivity by multiplication with a scaling 
factor consisting of field parameters. The apparent resis­
tivity valid only for the early part of the signal (Silva, 
1969) is given by
P = ------ —  V(t)
3AIL C O S 0
where R is the distance between the center of the source 
wire and the center of the receiver loop, A is the area of 
the receiver loop, I is the total-step current, L is the
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length of the source wire, 0 is the angle between R and the 
perpendicular bisector of the source line, and V(t) is the 
recorded voltage as a function of time. A plot of the pro­
cessed sounding curves is given in Fig. 31.
These apparent resistivity curves were then curve- 
matched with time-domain master curves (Silva, 196 9) to get 
a range of values for the first-layer resistivities and 
thicknesses. All sounding curves were indicative of a 
conductor over a resistor. Fig. 32 shows a set of master 
curves for a conductor over a resistor. Table 3 lists the 
results of these soundings in terms of first layer resis­
tivity, first layer thickness, and conductance.
The electromagnetic soundings clearly showed large 
differences in depth to basement throughout the study area. 
The first-layer resistivities correlated with Schlumberger 
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Figure 32. Example of time-domain electromagnetic sounding 
master curves for various ratios of first layer 


















1 24-30 500-630 21 4560
2 28-35 500-630 18 4680
3 40-50 520-650 13 3520
4 12-16 650—865 54 4960
5 9.5-12 1400-1760 147 5960
6 25-27 1350-1450 54 6860
7 10-17 600-1000 60 7240
8 21-25 900-1075 43 4260
9 35-40 700-800 20 3780
Id 14-18 700-900 50 5440
11 37-46 700-900 19 7180
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STRUCTURAL INTERPRETATION
Results of Electrical Surveys
As a result of the electrical evaluation, the area was 
shown to be severely faulted (see Fig. 33). Mineral Hot 
Springs appear to be located on an upthrown block or horst 
bounded on the north, east, and south by a series of faults. 
The inferred faults generally follow the gravity contours 
on the west side of the valley except for what appears to 
be a small upthrown block that correlates with the center 
of the gravity low. It is possible that the electrical base­
ment in this area is not the true Paleozoic or Precambrian 
basement but a very resistive zone at an intermediate level. 
If the resistivity contrast between this resistive layer and 
the layer above it were high enough, the electromagnetic 
sounding may not respond to a deeper conductive layer be­
cause of the proximity of this area to the current source.
Second (Vertical) Derivative Map of Aeromagnetic Data
In order to gain additional structural information from 






Figure 33. Structural interpretation of the Mineral Hot Springs area 
showing depths from electrical soundings and inferred 
faults.
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Kirby, 1972)(Fig. 34) a second vertical derivative map was 
made. Using radial weights derived by Henderson (1960) and 
adapted to a cartesian system by Fuller (1967), the second 
derivative filter was applied to the gridded magnetic data.
A grid spacing of .5 mile was used.
The contoured second derivative map (Fig. 35) correlates 
with the major structural trend of the valley in that the 
deepest part of the valley is seen as an elongated low and 
the uplifted- Sangre de Cristo Range to the east is indicated 
by an elongated high. At Valley View Hot Springs a break 
in the north-south trending high correlates with the part 
of the range where no Precambrian rocks outcrop at the 
surface, possibly indicating a major fault. A profile 
taken from the highway intersection just northeast of Min­
eral High Springs to Valley View Hot Springs (Fig. 35) cor­
relates with a gravity profile along the same traverse ex­
cept for a local high superimposed on the gravity low. This 
is a confirmation of the electrical data suggesting a local 
uplift (see Fig.' 36 for a correlation of magnetic, second 
derivative magnetic, and gravity anomalies).
Revised Gravity Interpretation
A previous interpretation of the Bouguer gravity anomaly 
in the center of the study area showed a depth to basement






Figure 34. Total-field aeromagnetic map of the Mineral Hot Springs area
contour interval = 20 gammas
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Figure 35. Second vertical derivative map of total-field aeromagnetic 
data.
contour interval=10 gammas/mile 















Figure 36. Correlation between aeromagnetic, second derivative-
aeromagnetic, Bouguer gravity, and electrical (sounding) 
basement profiles.
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of 16,000 feet using a density contrast of .7 gm/cc. Be­
cause the electrical data showed a maximum depth equal to 
one third of this figure, a reinterpretation of the gravity 
anomaly was in order.
In order to utilize the maximum amount of geologic 
control the interpretative profile C-D (Fig. 6) was taken 
so that basement outcrops on both sides of the valley were 
included. Using these outcrops as a reference for zero 
gravity and using the electrical depths as a guide, a model 
was constructed that gave a least square fit to the Bouguer 
gravity (Erol, 1974). The computed anomaly was then sub­
tracted from the Bouguer anomaly to obtain what has been 
called a computed regional gravity effect (Fig. 37). The 
geologic model extended to 6100 feet or 18 6 0 m with a con­
stant density contrast of .57 gm/cc (Fig. 38).
In defense of the implied regional gravity effect it 
can be argued that the Sangre de Cristo fault with a possi­
ble throw of 10,000 feet in this area (Knepper, 1974) has 
brought denser crustal material nearer the surface on the 
east. This would account for the sharp rise in the re­
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CONCLUSIONS AND RECOMMENDATIONS
In order to make a proper evaluation of formation tem­
perature, the following computation was carried out.
1) Using a basement density of 2.7 gm/cc, a density 
for the deep alluvial sediments of 2.2 gm/cc (from gravity 
model), a grain density of 2.67 gm/cc and a water density 
of 1.0 gm/cc, a porosity for the deep sediments was calcu­
lated.
0 = 2.67 - 2.2 = .28 
2.67 - 1.0
2) Assuming a cementation factor (m) of 1.55 to 1.70, 
a range of formation factors (F) was obtained.
F = = .28-1-55 to .28-1-7° ^ 7,2 to 8.7
3) Using a resistivity (Ro) of 11 ohm-m for the sedi­
ments just above basement (from Schlumberger soundings),
a range of resistivity (Rw) for the pore water was obtained).
F = ^  , Rw = ^  to ^  = 1.5 to 1.26 ohm-m
68
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4) Assuming 10 percent (by volume) clay-sized parti­
cles (illite) in the section, the effect of ionization of 
clay minerals in terms of equivalent concentration (PPM) 
of the NaCl was determined (Keller and Frischknecht, 1966) .
Equivalent conc. NaCl = 630 - 2 500 PPM
Because of low chloride concentrations in waters from 
Mineral Hot Springs and Valley View Hot Springs (Table 1), 
no adjustment for natural NaCl content of waters was made.
Then, using standard tables for resistivity and tem­
peratures of dilute solutions of NaCl, a graph of possible 
formation temperatures was constructed (Fig. 39). The plot 
shows temperatures of around 200° C for concentrations be­
low 800 PPM. However, this computation was based on the 
resistivity corresponding to the gravity low. If a forma­
tion resistivity of 10 ohm-m or lower as suggested at Villa 
Grove is used, the formation temperatures increase consid­
erably for corresponding concentrations. However, it can 
also be argued that there is more than 10 percent clay­
sized particles in the section. This would lower the possi­
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Figure 39. Calculated range of temperature and concentration
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As a result of this study it is concluded that the 
area northeast of Mineral Hot Springs associated with the 
deepest (electrically) part of the valley may possess geo­
thermal potential. However, considering that this evalua­
tion depends entirely on the amount of clay in the deep 
part of the valley any commercial undertakings in this 
area are immediately placed in a "high-risk" category.
In order to make a more conclusive evaluation, it is recom­
mended that additional electrical investigations and pos­
sibly some shallow drilling be conducted in the area around 
Villa Grove.
This study failed to locate a heat source in the area 
but it did suggest the presence of waters at depth at tem­




Derivation of Expression for Apparent 
Resistivity and Apparent Conductance 
(Keller et al, 1974)
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A. The electric field expression for apparent resistivity 
assuming spherical current spreading from single elec­
trode in a homogeneous earth
Ohm’s law: E = pj (E = electric field, p = resistivity,
J = current density).
Divergence condition: V*J = 0 (excluding sources or sinks)
Combining: V*E/p = -1/p V^U = 0 (E = -VU),
2or V U = 0 (Laplace’s equation).
Laplace’s equation in spherical coordinates
k " '  * â L  ^ Â h i  f t  = "
f  ■». i - »
I? !?> ■ ”
find C: I = / j*ds = / E/p ds = -C/p / ds/r^
C = - pI/2tt 
E = pl/2nr^
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B. The electric field expression for apparent conductance 
assuming cylindrical current spreading from a single 
electrode in a conductive section of thickness h above 
a non-conducting basement.
Laplace's equation in cylindrical coordinates:
S - “. I ■ «
find C: I = / j •ds = / — ds = -/ ^  ds 
s s  ̂ s
27rr S
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C. Electric field expressions from a current blpole
+ I I
(Parallel component) E± = E^cosa^ + E^cosa^
(Perpendicular component) En = E^slna^ + E^slna^
p  • p  1  /  2  p  p  1 / pEm.^ = (Eu + Ef ) = [E^^+E^^+2E^EpCOs(ap-a^)]^'Tôt
= ô
1) Apparent resistivity
E = , E = ----- ^
 ̂ 2ttR2





R.h 4 1̂ P 1/2 I(l+(^) -2 (:^) cosô}Rg Rg
2) Apparent conductance
F = I F = - ^^1 2wRnS ' 2 2f R^S
E
Sa =
Ri 2 Ri 1/2
{1 + (p^O - 2(=^0cos5}Rg Rg I
2f R. ET
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D. Calculation of total electric field from two measured 
components not at right angles to each other.
tCi
current source direction
Pit a circle to measured components and E^. E^ is then 
the diameter of the circle. Construct E^ perpendicular to
E ^  (oig = + tt/2).
Solve for E^:

















Dipole Mapping Field Data
A) Dipole A-B
B) Dipole A’-B’
N: Station number keyed to figures
: Distance from measuring point to one electrode (km)
Rg: Distance from measuring point to the other electrode (km)
6 : Angle between R^ and Rg (degrees)
0: Angle between two receiver lines (degrees)
: Voltage measured along first receiver direction (yv)
Vg: Voltage measured along second receiver direction (y^)
X: Length of receiver line (m)
I: Total step current (amperes)
R^: Apparent resistivity along direction of electric field 
(ohm-m)
S : Apparent conductance (mhos)
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A.  D i p o l e  A - B
N %1 %2 ô 0 V l V 2 X 1 r t Sa
1 2 . 2 1 2 . 4 5 92 90 8733 3885 60 37 100 23
2 2 . 4 5 2 . 6 9 82 90 3608 2960 65 39
3 2 . 7 4 2 . 9 3 74 90 4995 829 95 29
4 3 . 0 3 . 1 7 67 90 4348 409 106 29
5 3 . 2 2 3 . 3 6 62 90 4070 710 123 27
6 3 . 4 6 3 . 6 57 90 3238 799 123 29
7 3 . 8 9 4 . 0 1 50 90 2868 769 153 26
8 4 . 1 8 4 . 2 7 46 90 2590 829 173 ,24
9 4 . 4 9 4 . 5 8 44 90 1758 1066 161 28
10 4 . 7 4 . 8 2 4 l 90 1 94 3 947 197 24
11 5 . 1 4 5 . 2 1 39 90 1539 888 205 25
12 5 . 9 2 5 . 9 8 34 90 888 ■ 474 173 34
13 6 . 7 2 6 . 7 4 30 90 484 205 131 51
14 7 . 4 9 7 . 5 1 26 90 353 195 140 54
15 8 . 4 2 8 . 4 7 24 90 353 178 198 43
16 9 . 9 8 1 0 . 0 20 90 149 47 127 79
17 1 1 . 5 7 1 1 . 6 6 16 97 84 36 37 125 93
18 2 . 0 6 2 . 7 6 87 90 7278 - 1 0 4 8 0 38 132 17
19 2 . 3 5 2 . 4 90 85 - 7 8 6 0 - 4 0 7 0 93 26
20 1 . 1 3 2 . 4 2 l 4 l 88 - 6 7 7 7 0 - 2 4 0 5 202 7
21 1 . 4 9 2 . 5 3 112 93 - 3 4 3 6 2 - 2 0 9 6 0 111 15
22 2 . 1 7 2 . 7 87 98 - 3 6 0 8 610 40 58
23 4 . 7 4 . 8 7 41 93 - 1 6 6 5 205 150 32
24 4 . 4 8 5 . 7 4 37 84 2220 503 38 197 22
25 1 . 6 6 5 . 0 2 6 90 - 1 1 1 0 8791 40 71 18
26 1 . 8 4 5 . 0 8 17 80 - 2 8 6 3 5 - 3 0 5 4 4 389 4
27 2 . 2 8 5 . 2 6 26 90 - 5 6 2 355 11 161
28 3 . 1 7 6 . 1 7 20 90 - 2 3 7 533 20 113
29 3 . 6 5 6 . 0 30 90 0 446 22 132
30 4 . 7 8 6 . 7 2 28 90 925 710 40 115 35
31 2 . 4 7 5 . 8 4 0 90 - 6 2 6 75 23 . 4 21 83
32 3 . 2 4 6 . 6 2 0 90 - 3 2 8 0 20 108
33 4 . 0 7 7 . 4 6 0 90 - 2 1 4 0 23 116
34 4 . 8 7 8 . 2 6 0 90 - 1 7 7 - 2 2 29 106
35 5 . 6 9 9 . 0 7 0 90 - 2 0 5 0 49 72
36 6 . 7 1 0 . 0 8 1 . 5 90 - 2 4 2 0 87 46
37 8 . 0 6 1 1 . 4 2 90 - 2 5 1 326 23 .4 238 20
38 6 . 9 4 1 0 . 3 2 .4 90 - 1 7 4 - 2 0 5 28 . 7 86 48
39 8 . 5 1 1 . 8 8 2 78 - 8 9 4 446 594 8
40 8 . 4 1 1 . 7 4 4 76 - 2 7 9 260 230 22
41 8 . 6 1 1 . 8 6 5 90 - 2 7 0 78 159 33
42 8 . 9 3 1 2 . 1 2 6 90 . - 2 6 0 - 1 1 4 178 30
43 9 . 3 6 1 2 . 4 3 7 62 - 1 6 7 42 156 37
44 8 . 7 8 1 1 . 7 8 9 90 223 87 147 37
45 8 . 1 1 1 1 . 0 4 11 90 - 1 8 6 130 60 28 .7 114 46
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N ^1 «2 ô 0 ^ 1 ^2 X I
46 1 . 6 6 1 73 180 90 11062 0 60 2 3 . 4 71 24
47 1 . 7 6 2 71 96 90 8590 - 4 6 5 8 121 16
48 2 . 5 4 3 22 71 90 2330 - 8 3 3 72 37
49 3 . 4 8 3 9 54 90 1202 - 5 3 3 84 43
50 4 . 2 4 54 45 90 925 - 5 3 3 114 38
51 5 . 0 9 5 28 38 90 562 - 8 0 0 177 29
52 5 . 8 8 6 0 33 90 474 - 1 4 9 138 43
53 6 . 6 7 6 74 29 90 74 - 7 8 43 154
54 2 . 3 3 96 58 90 4367 - 5 2 4 0 2 3 . 4 186 12
55 1 . 6 6 4 03 55 90 9897 21000 2 8 . 7 253 6
56 2.  54 4 75 43 90 1066 - 8 7 3 3 253 9
57 1 . 6 6 4 0 56 90 11644 168 84 223 7
58 2 . 4 7 4 46 48 90 2590 4995 151 15
59 3 . 2 9 5 02 43 90 1243 2590 153 20
60 4 . 1 5 64 37 90 474 1421 140 27
61 4 . 9 3 6 3 32 90 167 409 67 68
62 5 . 7 6 6' 98 28 90 93 205 53 102
63 6 . 5 3 7 73 26 90 - 5 0 2 651 2 8 . 7 269 23
64 1 . 8 2 3 08 83 90 - 5 2 6 4 5225 38 67 29
65 2 . 5 6 3 66 63 87 - 3 2 5 4 2814 89 30
66 3 . 3 4 4 3 51 87 - 1 7 2 3 1531 94 36
67 4 . 1 5 5 02 42 87 - 8 3 4 602 75 56
68 4 . 9 2 5 74 36 82 - 2 4 2 316 48 102
69 5 . 7 5 6 62 30 70 - 2 0 5 108 50 113
70 6 . 3 7 7 58 27 92 - 2 0 5 - 1 8 6 65 91
71 6 . 7 7 7 52 27 80 - 1 7 7 ■ 12 50 134
72 4 . 0 3 4 9 43 105 - 2 7 4 2 8 3637 182 22
73 3 . 0 4 3 96 56 70 387 1014 38 31 100
74 2 . 5 6 3 53 65 85 1914 447 1 0 36 74
75 3 . 5 8 3 96 53 90 894 - 5 3 6 42 87
76 1 . 8 5 3 05 84 85 - 1 4 3 0 - 3 2 5 4 30 67
77 . 82 3 47 77 85 - 2 5 5 3 7 - 4 1 1 5 45 18
78 2 . 3 3 5 29 26 90 - 4 1 7 - 1 0 1 3 19 96
79 2 . 9 6 5 6 29 90 - 2 0 5 - 7 1 5 40 22 104
80 1 . 8 4 5 08 17 90 - 9 2 4 - 8 0 5 2 3 . 4 21 66
81 1 . 9 0 2 4 103 90 5010 2185 34 47 44
82 2 . 1 6 2 6 90 90 3977 2035 53 44
83 2 . 4 4 2 84 79 90 2868 1758 55 47
84 2 . 7 4 3 1 70 90 2553 1517 56 51
85 3 . 0 4 3 38 63 90 1943 1450 72 44
86 3 . 6 7 3 96 52 90 1391 888 83 46
87 4 . 3 3 4 58 44 90 562 387 55 81
88 5 . 00 5 23 38 90 344 173 47 108
89 5 . 6 6 5 86 33 90 233 140 48 120
90 6 . 67 6 85 29 90 134 24 38 177
91 8 . 0 5 8 14 25 90 90 72 55 146
92 10. 4 2 10 43 19 90 5 45 60 34 46 227
T 1478 80
N ^ 1 %2 5 0 ^ 1 ^ 2 X I Rt
93 1 . 6 8 5 . 0 4 9 90 638 - 2 0 0 60 17 13 94
94 2 . 2 1 5 . 2 6 16 90 - 5 8 0 0 21 77
95 2 . 9 4 5 . 5 9 18 90 560 260 44 47
96 4 . 1 5 6 . 3 4 27 90 140 420 17 70 46
97 4 .  54 6 . 1 7 32 90 200 180 18 52 78
98 4 . 5 6 5 . 1 8 40 90 580 45 18 107 43
99 5 . 9 3 7 . 6 25 90 0 - 1 7 4 19 65 78
100 6 . 7 2 8 . 2 24 90 109 154 100 59
101 6 . 9 7 8 . 7 6 21 90 - 2 3 2 400 19 258 22
102 7 . 2 7 9 . 3 1 19 90 77 240 20 149 38
103 7 . 6 8 9 . 9 1 17 90 0 100 67 86
104 8 . 1 4 1 0 . 5 4 14 90 - 2 6 0 100 210 27
105 8 . 6 6 1 1 . 1 8 13 90 - 3 8 83 80 75
106 9 . 2 1 1 . 8 6 12 90 0 100 20 101 61
107 8 . 6 4 1 1 . 4 2 10 90 - 1 6 0 120 21 164 35
108 4 . 9 2 5 \ 6 3 37 90 - 4 0 6 174 21 89 55
109 5 . 8 6 . 3 1 32 90 300 174 22 104 56
110 6 . 5 8 7 . 0 2 28 90 260 220 22 144 46
111 6 . 6 6 . 9 7 29 90 240 - 1 4 0 23 115 58
112 6 . 5 3 7 . 2 5 27 90 420 - 3 4 0 24 213 30
113 6 . 5 5 7 . 6 2 27 90 300 - 3 8 0 24 193 32
114 6 . 7 8 . 1 1 23 90 220 - 5 8 0 24 261 23
115 4 . 0 8 6 . 7 3 23 90 - 1 4 195 20 25 120
116 4 . 5 8 7 . 3 9 18 90 0 186 20 31 104
117 5 . 1 8 8 . 1 1 16 90 0 223 20 50 71
118 5 . 8 6 8 . 8 8 55 90 - 4 8 138 20 31 188
119 7 . 1 8 1 0 . 5 6 1 90 596 - 2 9 8 23 297 14
120 7 . 5 4 1 0 . 0 3 15 75 1848 1013 23 1017 5
121 7 . 2 7 9 . 5 5 18 90 357 238 24 206 26
122 7 . 1 8 9 . 1 6 20 90 179 74 24 93 61
123 7 . 0 2 8 . 4 23 90 238 - 2 3 8 60 24 158 40
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B. Dipole A'-B'
N ^1 «2 6 0 ^2 X I
201 3 . 5 8 6 . 5 3 19 90 - 4 6 0 1047 60 3 50 51
202 3 . 1 6 . 2 6 14 90 - 9 8 9 771 39 56
203 2 . 7 8 6 . 1 2 7 90 - 2 3 2 4 1162 63 31
204 4 . 3 1 7 . 6 8 0 85 104 644 3 43 65
205 7 . 0 9 7 . 3 2 26 90 495 115 l0 146 49
206 7 . 8 6 8 . 0 9 24 90 483 161 200 39
207 8 . 6 9 8 . 9 22 90 598 127 329 27
208 9 . 4 1 9 . 6 2 20 90 322 161 248 38
209 1 0 . 5 6 1 0 . 6 3 18 77 299 - 1 9 6 377 28
210 5 . 5 5 5 . 8 34 90 713 35 103 55
211 5 . 4 6 6 . 1 2 33 90 633 - 2 4 2 98 56
212 5 . 4 7 6 . 56 30 90 633 - 2 1 9 100 52
213 - 5 . 6 4 7 . 1 28 90 403 - 2 9 9 80 63
214 6 . 4 4 7 . 7 4 26 90 380 - 1 8 4 98 60
215 7 . 2 2 8 . 4 23 90 380 - 1 1 5 126 53
216 8 . 0 2 9 . 0 7 21 90 518 - 6 9 220 34
217 8 . 8 3 9 . 7 7 20 90 345 - 2 9 190 44
218 6 . 0 4 7 . 9 7 22 90 310 219 67 73
219 3 . 1 7 3 . 5 6 59 90 2760 805 82 40
220 3 . 9 4 4 . 2 7 48 90 1495 460 82 49
221 3 . 6 8 4 . 6 6 46 90 1610 1150 98 38
222 3 . 6 6 5 . 2 1 41 90 1265 1380 94 36
223 3 . 1 7 5 . 5 2 33 90 1840 460 70 37
224 2 . 8 6 4 . 6 6 46 90 1150 2760 81 32
225 2 . 4 8 2 . 9 2 76 90 5980 1955 93 28
226 2 . 9 3 4 . 0 6 55 90 2530 1840 86 34
227 4 . 7 1 4 . 9 9 40 90 1150 299 106 46
228 5 . 5 2 5 . 7 8 35 90 1035 288 150 37
229 6 . 3 6 . 5 3 30 90 644 81 134 48
230 5 . 3 4 6 . 1 4 33 90 874 4 l 4 129 4 l
231 5 . 3 3 6 . 5 2 30 90 805 460 123 4 l
232 5 . 4 2 7 . 0 28 90 621 805 40 154 31
233 3 . 9 5 6 . 5 9 24 90 - 2 5 3 - 2 9 9 0 4 163 18
234 4 . 6 2 6 . 9 8 . 24 90 149 - 1 2 6 5 104 34
235 5 . 3 2 7 . 4 4 24 90 230 - 5 7 5 73 57
236 6 . 3 8 8 . 5 2 20 90 230 - 2 5 3 66 74
237 7 . 1 5 9 . 5 9 16 90 - 3 4 5 276 112 46
238 7 . 8 1 0 . 0 8 16 90 242 196 102 ' 56
239 8 . 4 6 1 0 . 5 7 15 96 253 - 1 3 8 114 56
240 9 . 1 6 1 1 . 1 2 x5 90 253 - 9 2 140 50
241 9 . 8 4 1 1 ; 6 9 15 90 207 - 5 8 139 55
242 1 0 . 6 1 1 2 . 3 2 14 90 161 - 2 3 131 65
243 1 1 . 3 3 1 2 . 9 5 13 90 196 35 194 48
244 1 1 . 0 2 1 2 . 4 5 14 90 196 69 197 47
245 1 0 . 7 6 1 2 . 0 15 90 230 115 233 4 l
246 1 1 . 5 6 1 2 . 7 15 90 184 184 288 36
247 1 2 . 2 6 1 3 . 2 5 14 90 - 1 2 7 173 .288 39
248 1 2 . 1 4 1 2 . 9 9 14 90 161 230 377 30
249 3 . 1 6 . 6 . 1 6 20 90 - 4 0 2 5 - 4 l 4 0 181 13




AB/2 = Spacing (effective depth of penetration In meters) 
= Apparent resistivity
T 1478 83
S o u n d i n g I . S o u n d i n g I I
A B / 2 Pa A B / 2 Pa
3 . 0 5 401 7 . 6 218
6 . 1 210 1 9 . 2 109
9 . 1 221 21 101
1 3 . 7 - 135 3 0 . 5 91
2 1 . 3 125 46 82
2 7 . 4 118 61 82
4 5 . 7 1 0 6 91 85
5 9 . 4 112 152 77
7 9 . 2 90 213 63
1 1 4 . 3 85 305 53
168 69 427 43
229 58 610 24









S o u n d i n g I I I S o u n d i n g I V
A B / 2 Pa A B / 2 Pa
7 . 6 132 7 . 6 480
1 2 . 2 153 1 2 . 2 352
1 5 . 2 149 1 5 . 2 308
2 5 . 3 161 2 1 . 3 212
3 0 . 5 I 6 l 3 0 . 5 163
46 135 46 178
61 121 61 158
91 96 91 135
152 78 152 104
213 67 213 82
305 58 305 66
427 43 427 54
610 35 610 46
792 26 792 47
975 18 975 49
T 1478 84
Sounding V Sounding VI
A B / 2 Pa A B / 2 Pa
7 . 6 29 7 . 6 250
1 2 . 2 34 1 2 . 2 269
1 5 . 2 34 2 1 . 3 197
2 1 . 3 40 3 0 . 5 l 6 6
46 51 46 128
61 52 91 109
91 57 213 72
152 59 305 36
213 62 426 28
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